Abstract-Nitride-based p-down blue light emitting diodes (LEDs) were successfully fabricated. It was found that we could improve the crystal quality of these nitride-based p-down LEDs by inserting a codoped interlayer between the p-type cladding layer and MQW active layers. It was also found that the turn-on voltage could be reduced from 15 V to less than 5 V for the p-down LED with codoped layer and tunnel layer. The 20 mA output power was 1 mW for the p-down LED with an Mg+Si codoped interlayer and a rough p-tunnel layer.
I. INTRODUCTION
H IGH-BRIGHTNESS nitride-based light emitting diode (LED) was first demonstrated in 1993 [1] and the development of these III-nitride LEDs is very successful over the past ten years [2] - [7] . Fig. 1(a) shows the schematic structure of a typical nitride-based LED. As shown in Fig. 1(a) , the multiquantum well (MQW) active layers are grown on top of the n-type cladding layer, and the p-type cladding layer is grown on top of the MQW active layers in this structure. We call such a structure "n-down structure." Such an n-down structure is adopted not only for nitride-based blue/green LEDs but also for the AlGaInP-based red/yellow LEDs. The first reason for using such an n-down structure is the crystal quality of MQW active layers. Generally speaking, the crystal quality of n-type cladding layer is normally better than that of p-type cladding layer. Thus, crystal quality of MQW active layers will also be better if they are grown on top of the n-type cladding layer. Also, the conductivity of n-type layer is normally much larger than that of the p-type layer. Thus, we can achieve a much better current spreading in the bottom n-GaN layer of the nitride-based n-down LED. As a result, we can achieve a smaller turn-on voltage. The other important issue for LED is the transparent upper contact. For nitride-based n-down LEDs, Manuscript semi-transparent Ni/Au is normally used as the upper p-contact. The other possible contact material is the transparent ITO. In fact, ITO has already been used in AlGaInP-based LEDs as the transparent upper contact. However, it has been reported that low ITO contact resistance is only achievable on n-GaN layer, while ITO on p-GaN normally forms Schottky contacts. Thus, if we want to use transparent ITO as the upper contact material, we need to use the p-down structure, as shown in Fig. 1(b) .
To realize such an ITO p-down nitride-based LED, we need to overcome problems such as low crystal quality in the MQW active layers and poor current spreading in the bottom p-GaN layer.
Previously, it has been reported that one can improve the crystal quality of GaN epilayers, InGaN/GaN MQW, and GaN/AlGaN MQW by introducing a small amount of Si [8] , [9] , and/or In [10] - [12] doping during growth. Such improvement is probably due to the fact that Si and/or In doping can effectively suppress island-like spiral structure initialed by threading dislocations in GaN. Also, it was reported that Si and/or In doping can fill point defects in GaN and reduce the number of luminescence killers. As a result, the crystal quality and optical properties can both be improved. We thus use such concepts to improve the crystal quality of nitride-based p-down LED by inserting a Mg Si or Mg In codoped layer in between p-GaN layer and MQW active layers, as shown in Fig. 1(c) . Another obstacle for the practical application of p-down arrangement is the high resistive bottom p-GaN layer. This problem can be solved by depositing a heavily Si doped low resistive n -GaN layer, followed by a tunnel layer and a p-GaN layer, as shown in Fig. 1(d) . By using such a structure, carriers can tunnel freely through the tunnel layer. At the same time, the poor current spreading can also be solved with the low resistive n -GaN bottom layer. In this paper, we report the study of optical and electrical properties of these nitride-based p-down LEDs.
II. EXPERIMENTS
Samples used in this study were all grown by metalorgainic chemical vapor deposition (MOCVD) on (0001) sapphire substrates. During the growth, trimethylgallium (TMGa), trimethylindium (TMIn) and ammonia (NH ) were used as gallium, indium and nitrogen sources, respectively. Biscyclopentadienyl magnesium (CP Mg) and disilane (Si H ) were used as the p-type and n-type doping sources, respectively. Prior to the growth of LED structures, a low temperature 20-nm-thick GaN nucleation layer and a 1-m-thick unintentionally doped GaN buffer layer were grown on top of the show the molar flow rate of the ramped Mg Si codoped layer (concentration is cm ), ramped Mg In codoped layer (concentration is cm ) and constant Mg Si codoped layer (concentration is cm ), respectively, during the growth. Fig. 1(d) shows the schematic structure of the p-down LED with codoped layer and tunnel layer. As can be seen from Fig. 1(d) , we grow a thick heavily Si-doped GaN layer on top of the undoped GaN buffer layer. A thin tunnel layer, a p-GaN layer, MQW active layers and an n-GaN cap layer were then deposited on top of the heavily Si-doped GaN layer Two different tunnel layers were used in this structure. The first method to achieve the thin tunnel layer is to prepare a rough three-dimensionally (3-D) grown p-GaN by increasing the flow rate of CP Mg during growth. The other method is to prepare a 20-pair short period superlattice. Each short period superlattice consists of a 2-nm-thick In Ga N layer and a 2-nm-thick GaN layer. With this structure, we can achieve a low resistive bottom layer of our nitride-based p-down LEDs. It should be noted that MQW active layers were grown after the growth of p-cladding layer for p-down LEDs, and nitrogen was used as the carrier gas when we grew the InGaN/GaN MQW active layers [7] at 760 C. Thus, Mg can be automatically activated during the growth of MQW active layers. As a result, no postgrowth thermal annealing is needed to active Mg for the p-down LEDs.
The crystal quality of these epitaxial layers was evaluated by room temperature (RT) photoluminescence (PL) and double crystal X-ray diffraction (DCXRD). A Bio-Rad rpm 2000 system with a low 7-mW HeCd laser operated at 325 nm was used for PL measurement and a Bede QC2A system was used for DCXRD measurement. After PL and DCXRD measure- ments, LEDs were fabricated through standard lithography and etching. Metal and/or ITO contacts were subsequently deposited onto the surface of the samples to complete the fabrication of these LEDs. RT electroluminescence (EL) characteristics of these fabricated LEDs were evaluated by injecting a different amount of DC current into these LEDs. The current-voltage ( -) measurements were also performed at RT by an HP4156 semiconductor parameter analyzer. Fig. 3 shows the -characteristics of samples A, E, F, and G. It can be seen that although the turn on voltage of p-down LED (sample E) is the highest, we can significantly reduce the turn on voltage by inserting the codoping layer and/or tunneling layer. Fig. 4 shows the RT PL spectra of n-down Fig. 3 . I-V characteristics of samples A, E, F, and G. Fig. 4 . RT PL spectra of n-down LED (i.e., sample A), p-down LED without codoped interlayer (i.e., sample B) and p-down LED with codoped interlayer and tunnel layer (i.e., sample G). LED (i.e., sample A), p-down LED without codoped interlayer (i.e., sample B) and p-down LED with codoped interlayer and tunnel layer (i.e., sample G). It could be seen that sample G has the strongest RT PL intensity among the three samples. Table I lists the RT PL intensity and full-with-half-maximum (FWHM) of DCXRD spectra for all samples used in this study. It could be seen that RT PL intensity of p-down LED without codoped interlayer was much weaker than that of the n-down LED due to its poor crystal quality. It was also found that the insertion of a codoped interlayer could increase the RT PL intensity of p-down LED by more than two orders of magnitude. Such observations agree well with the DCXRD FWHM results also shown in Table I that samples with a large PL intensity exhibits a smaller DCXRD FWHM. Such a result also agrees with previous reports that the incorporation of a small amount of Si and/or In can indeed improve the crystal quality of the nitride-based epitaxial layers. Figs. 5(a) and 6(b) show the high resolution transmission electron microscopy (TEM) pictures of p-down LED with Mg In codoped interlayer (i.e., sample D) and p-down LED with Mg Si codoped interlayer (i.e., sample C). It can be seen that sample with Mg Si codoped interlayer seems to have a smoother interface than that of sample with Mg In codoped interlayer. Similar results are observed from the DCXRD and PL measurements. As can be seen from Table I , sample C has a larger PL intensity and a smaller DCXRD FWHM as compared to sample D. These observations all suggest that Mg Si codoping seems to be more effective than Mg In codoping in improving the crystal quality of nitride-based epitaxial layers. Fig. 6 shows the RT EL spectra of p-down LED without codoped layer (i.e., sample B) and p-down LED with Mg Si codoped layer and rough p-tunnel layer (i.e., sample G) under a 20 mA forward current injection. It can be seen that the EL intensity of sample G is more than 20 times larger than that of sample B. Table II lists the turn on voltage and 20 mA output power of samples A, B, E, F and G and Fig. 3 shows thecurve. It was found that p-down LED without codoped inter- layer (i.e., sample B) has the largest turn on voltage and the smallest 20 mA output power. It was also found that the insertion of an Mg Si codoped interlayer (i.e., sample E) could slightly low down the turn on voltage so as to achieve a small 0.3 mW 20 mA output power. Such an improvement is due to the improved crystal quality in sample E. On the other hand, p-down LEDs with Mg Si codoped layer and tunnel layer (i.e., sample F and sample G) both has a much lower turn on voltage. Such a drastic reduction in turn on voltage from 15 V to less than 5 V is due to the much smaller resistivity in the heavily Si-doped n-GaN bottom layer. It was also found that sample G with a rough p-tunnel layer seems to have a smaller turn on voltage and a larger 20 mA output power as compared to sample F with a superlattice tunnel layer. The reason of such an observation is not know yet and a more detailed study is under way. Also, it was found that the conventional n-down LED (i.e., sample A) still has the lowest turn on voltage and the largest 20 mA output power among these samples. Such a result suggests that a further improvement through structure optimization is needed to realize a feasible nitride-based p-down LED.
III. RESULTS AND DISCUSSIONS

IV. SUMMARY
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